US 20190154698A1

a9y United States

a2y Patent Application Publication o) Pub. No.: US 2019/0154698 A1

Ramamoorthy et al. (43) Pub. Date: May 23, 2019
(54) POLYMER-BASED LIPID NANODISCS AND COSF 212/08 (2006.01)
MACRODISCS GOIN 24/08 (2006.01)
GOIN 21/35 (2006.01)
(71) Applicant: THE REGENTS OF THE (52) U.S. CL
UNIVERSITY OF MICHIGAN, Ann CPC ... GOIN 33/6842 (2013.01); BO1J 13/08
Arbor, MI (US) (2013.01); CO8F 212/08 (2013.01); GOIN
24/088 (2013.01); GOIN 2021/3595 (2013.01);
(72) Inventors: Ayyalusamy Ramamoorthy, Ann GOIN 2570/00 (201301), COSF 2800/10
Arbor, MI (US); Venkata Sudheer (2013.01); COSF 2810/50 (2013.01); GOIN
Ramadugu, Ann AI'bOI', MI (US), 21/35 (201301)
Thirupathi Ravula, Ann Arbor, MI
(US); Nathaniel Z. Hardin, Ann Arbor,
MI (US); Sarah J. Cox, Ann Arbor, MI 7 ABSTRACT
(Us) The disclosure provides a lipid nanodisc including a lipid
bilayer having two opposing hydrophilic faces and a hydro-
(21)  Appl. No.: 16/198,397 phobic edge between the hydrophilic faces, and a copolymer
(22) Filed: Nov. 21, 2018 encircling the hydrophobic edge of the lipi.d jbilaye.r, the
copolymer including a first monomeric unit including a
Related U.S. Application Data pendant aromatic group, and a second monomeric unit
including a pendant hydrophilic group, wherein the first
(60) Provisional application No. 62/589,865, filed on Nov. monomeric unit and the second monomeric unit are present
22, 2017. in the copolymer is a molar ratio ranging from 1:1 to 3:1 for
A . . the first monomeric unit:the second monomeric unit. The
Publication Classification disclosure further provides a method of making the polymer-
(51) Imt. ClL based lipid nanodiscs of the disclosure and methods of
GOIN 33/68 (2006.01) characterizing membrane proteins using the polymer-based
B01J 13/08 (2006.01) lipid nanodiscs of the disclosure.

Polymer




May 23,2019 Sheet 1 of 5 US 2019/0154698 A1

Patent Application Publication

0z ainbi4

{0} SRR IR BSPOIDAE

A 3 8% 3
QR Y E8 TERUS YT

£l

ol

Bl

gz a.nbi4 vZ 2inbi4

| @inbBi




Patent Application Publication = May 23, 2019 Sheet 2 of 5 US 2019/0154698 A1

FIG. 3A FIG. 3B
~§1.O NH2 §1.0 T‘ﬁ*z
2991 Hoog 1 2081 N,
506 506 0%_\(
= Mmoo = m - Mp
3 0.4 g 0.44
N N
g 0.2: SMA-ED "g 0.2: SMA-AA
= 0.0 = 0.0
0 1000 2000 3000 4000 0 1000 2000 3000 4000
Time {(s) Time (s)
FIG. 3C FIG. 3D
] ] DMPC 5MMD
| 11 i 11
32 =3
& &
27 1:2 =] 1:2
] 1:3 ] 1:3
04 1 10 100 1000 01 1 10 100 1000
Hydrodynamic radius {nm) Hydradynamic radius (nm)

FIG. 3E FIG. 3F




Patent Application Publication

FIG. 4A

May 23, 2019 Sheet 3 of 5 US 2019/0154698 A1

1.0-
@w i
E;Q&
=
& 0.6
B 04:
£ 0.2

0.0

inten

aliz

Nor

FIG

1.0+

alized Intensity SLS

Nor

FIG. 4E

pH =35

pH=8.0

pH=85

40 20 0 20 40

31P Chemical shift (ppm

FIG. 4G

)

-

2000 1800 1600 1400 1200 1000

Wavenumber (em™1)

FIG. 4B
10
2303:

=]
& 0.6

int

8 04-

£ 02

0.0-

liz

No

o
FIG. 4D
- 1.04 e,

o o o
E=N Lon] co
X 33 L ) i

Normalized Intensity SL

o @
o b
L N kL 5

N
=%
0.
-y
<

FIG. 4F

pH=85

pH=35

4 20 0 20 -40
31P Chemical shift {ppm)

FIG. 4H

sree 5P AN

pHL3

unstable




Patent Application Publication = May 23, 2019 Sheet 4 of 5 US 2019/0154698 A1

FIG. 5
1.2

1 DMPC DMPC: SMA-QA(w/w)
SMA- QA Addmon 1:0.0
1«0 m( e .l . . oo

W g Mt Yl W b bt
v o

13

1 u"‘»b'
"‘.“v‘.;.-;,.' ,
v
1.8~ L2 TR 1:0.2
. TR
¥ L}

16- %ﬁ
|

PR th’*‘*“iﬁ"%w“ s
‘ m\w 1.0.5
\ r«w’ﬁ&‘“ s ‘l‘ﬁ'\q\p\{é&

i e 2 .‘ﬁ\.

2
wed
b
b5
N
£

(=)
=

FIG. 6

1.4

Mgy e e AN st Py s
1:1.0
0-0 U ¥ T l 1 ) t
0 100 200 300 400 500 600
Time (s)

PRRC: SHAQA BRPC  SMAGA DIPL: BALA DRIPC L SRIALA
b wawl {1050 wivg {110 wind $3:1.5 wiwi



Patent Application Publication = May 23, 2019 Sheet 5 of 5 US 2019/0154698 A1

FIG. 7

Polymer




US 2019/0154698 Al

POLYMER-BASED LIPID NANODISCS AND
MACRODISCS

STATEMENT OF GOVERNMENT SUPPORT

[0001] This invention was made with government support
under grant numbers GM084018 and AG048934 awarded by
the National Institutes of Health. The government has cer-
tain rights in the invention.

FIELD OF THE DISCLOSURE

[0002] The disclosure relates generally to lipid nanodiscs.
In particular, the disclosure relates to polymer-based lipid
nanodiscs.

BACKGROUND

[0003] Determination of the structure and function of
membrane proteins is a challenge due to the difficulty of
developing methods of extracting membrane proteins from
their native environment, while preserving the correct con-
formation of the protein in isolation from its native envi-
ronment. Traditional protocols involve extracting membrane
proteins from their native environment using detergents and
then including the proteins in a model bilayer system.
Unfortunately, the use of detergents leads to issues such as
protein inactivation and sample aggregation.

[0004] Inorder to avoid the use of detergents, methods for
the isolation, purification, and characterization of membrane
proteins have been developed which reconstitute membrane
proteins in nanodiscs. Nanodiscs are disc-shaped patches of
lipid bilayers surrounded by an amphiphilic belt. Amphiphi-
lic belts that have been used in preparing nanodiscs include
different sized membrane scaffold proteins, peptides, and
polymers. Membrane scaffold protein-based nanodiscs are
good mimics of the membrane; however, the reconstitution
of the membrane proteins still require the use of detergents.
Additionally, protein-based nanodiscs are restricted to a
narrow range of size, difficult to prepare, and expensive to
produce. Peptide-based nanodiscs are also limited by several
disadvantages, including stability issues, interference from
the peptides in biophysical measurements, and are expensive
to produce. Similarly, polymer-based nanodiscs are limited
by disadvantages including restricted size range, their non-
tolerance in the presence of divalent metal ions and different
pH, and are expensive to produce. Thus, a need exists for
nanodiscs that can address these difficulties.

SUMMARY

[0005] One aspect of the disclosure provides a lipid nano-
disc including a lipid bilayer having two opposing hydro-
philic faces and a hydrophobic edge between the hydrophilic
faces, and a copolymer encircling the hydrophobic edge of
the lipid bilayer, the copolymer including a first monomeric
unit including a pendant aromatic group and/or a pendant
alkyl group (e.g., only pendant (hydrophobic) aromatic
groups, only pendant (hydrophobic) alkyl groups, or both
pendant (hydrophobic) aromatic groups and pendant (hydro-
phobic) alkyl groups), and a second monomeric unit includ-
ing a pendant hydrophilic group, wherein the first mono-
meric unit and the second monomeric unit are present in the
copolymer in a molar ratio ranging from 1:1 to 3:1 for the
first monomeric unit:the second monomeric unit.

[0006] Another aspect of the disclosure provides a method
of making a lipid nanodisc, the method including contacting

May 23, 2019

a lipid and a copolymer including a first monomeric unit
including a pendant aromatic group, and a second mono-
meric unit including a pendant hydrophilic group, wherein
the first monomeric unit and the second monomeric unit are
present in the copolymer is a molar ratio ranging from 1:1
to 3:1 for the first monomeric unit:the second monomeric
unit, to form a lipid nanodisc including a lipid bilayer having
two opposing hydrophilic faces and a hydrophobic edge
between the hydrophilic faces and the copolymer encircling
the hydrophobic edge of the lipid bilayer.

[0007] Another aspect of the disclosure provides a lipid
nanodisc, including a lipid bilayer having two opposing
hydrophilic faces and a hydrophobic edge between the
hydrophilic faces, and a styrene/modified maleic anhydride
copolymer encircling the hydrophobic edge of the lipid
bilayer, the copolymer having a pendant hydrophilic group
and a styrene to maleic anhydride molar ratio of about 1.1:1
to 1.5:1.

[0008] Another aspect of the disclosure provides a method
of making a lipid nanodisc, the method including contacting
a lipid and a styrene/modified maleic anhydride copolymer
having a pendant hydrophilic group and a styrene to maleic
anhydride molar ratio of about 1.1:1 to 1.5:1, to form a lipid
nanodisc including a lipid bilayer having two opposing
hydrophilic faces and a hydrophobic edge between the
hydrophilic faces and the copolymer encircling the hydro-
phobic edge of the lipid bilayer.

[0009] Another aspect of the disclosure provides a method
of characterizing a membrane protein, the method including
contacting a lipid nanodisc of the disclosure with a mem-
brane protein to form a membrane protein-nanodisc includ-
ing the membrane protein spanning across the lipid bilayer
from the first hydrophilic face to the second hydrophilic
face, and characterizing the lipid nanodisc including the
membrane protein.

[0010] Further aspects and advantages will be apparent to
those of ordinary skill in the art from a review of the
following detailed descriptions. While the compositions and
methods are susceptible of embodiments in various forms,
the description hereafter includes specific embodiments with
the understanding that the disclosure is illustrative, and is
not intended to limit the invention to the specific embodi-
ments described herein.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] For further facilitating the understanding of the
present invention, two drawing figures are attached hereto.
[0012] FIG. 1 shows a simplified schematic representation
of nanodisc formation.

[0013] FIG. 2 shows the difference in maximum lipid
nanodisc size obtained using different lipid:copolymer
weight ratios.

[0014] FIG. 3 shows the difference in maximum lipid
nanodisc size obtained using different lipid:copolymer
weight ratios for SMA-ED and SMAdJ-A copolymers.
[0015] FIG. 4 shows the stability of polymer nanodiscs
versus pH for SMA-ED polymers and SMAd-A polymers.
[0016] FIG. 5 shows the SLS profiles showing the kinetics
of DMPC MLVs solubilization by SMA-QA.

[0017] FIG. 6 shows TEM images of DMPC-SMA-QA
nanodiscs formed with the indicated lipid to polymer ratio.
[0018] FIG. 7 shows a schematic of a nanodisc illustrating
the orientations of the lipid headgroup and polymer in
magnetically-aligned nanodiscs.
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DETAILED DESCRIPTION

[0019] Provided herein are polymer-based lipid nanodiscs
and methods of making and using same. In general, the
polymer-based lipid nanodiscs disclosed herein include a
copolymer having a first monomeric unit including a pen-
dant aromatic group, and a second monomeric unit including
a pendant hydrophilic group, wherein the first monomeric
unit and the second monomeric unit are present in the
copolymer is a molar ratio ranging from 1:1 to 3:1 for the
first monomeric unit:the second monomeric unit. The copo-
lymers described herein provide one or more advantages, for
example, extracting membrane proteins without the use of
detergents, forming nanodiscs with native lipid bilayers,
solubilization of lipid bilayers, forming nanodiscs over wide
pH ranges, and forming nanodiscs over a wide range of
sizes. Additionally, the copolymer is stable for periods of at
least 6 months, can be stored as a powder, and does not
require purification by high performance liquid chromatog-
raphy (HPLC).

[0020] In contrast to the copolymers according to the
disclosure, when styrene/maleic acid copolymers having a
styrene:maleic acid molar ratio of 2:1 or 3:1 and a molecular
weight in the range of 7.5 to 10 kDa were used to form
nanodiscs, only the higher molecular weight polymers
formed nanodiscs and the resulting nanodiscs had narrow
diameter ranges of about 5 to about 15 nm.

Copolymer

[0021] The copolymer of the disclosure can include a first
monomeric unit including a hydrophobic pendant aromatic
group and a second monomeric unit including a pendant
hydrophilic group. The copolymer of the disclosure can
include a first monomeric unit including a hydrophobic
pendant alkyl group and a second monomeric unit including
a pendant hydrophilic group. In some embodiments, the
copolymer can be a random copolymer or an alternating
copolymer. Without intending to be bound by theory, it is
believed that the hydrophobic pendant aromatic group and/
or hydrophobic pendant alkyl group inserts into the hydro-
phobic portion of a lipid bilayer and the hydrophilic group
interacts with an aqueous medium and the hydrophilic
portion of the lipid bilayer to spontaneously form lipid
nanodiscs. A simplified schematic representation of the
formation of lipid nanodiscs is shown in FIG. 1, wherein
step 1 involves the electrostatic interaction of the copolymer
with the surface of the lipid bilayer, step 2 involves the
hydrophobic aromatic fraction of the polymer chains embed-
ding into the bilayer, and step 3 involves the spontaneous
formation of nanodiscs.

[0022] Suitable hydrophobic pendant aromatic groups
include, but are not limited to substituted and unsubstituted
benzene and naphthalene. The first monomeric units includ-
ing a hydrophobic aromatic group can be derived from
substituted or unsubstituted vinyl aromatic monomers,
including but not limited to vinyl benzenes (e.g., styrene,
vinyl toluene, vinyl xylenes), vinyl naphthalenes, vinyl
anthracene, and vinyl phenanthrene. In some embodiments,
the vinyl aromatic monomer can include a vinyl functional
group tethered to the pendant aromatic group via a C,-C,,
or C,-C; alkylene linking group. In some embodiment, the
pendant aromatic group can be substituted with one or more
alkyl groups (e.g., C,-C; alkyl groups) on the aromatic ring
and/or substituted with one or more heteroatoms (e.g., N, O,
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S heteroatoms) within the aromatic ring. In some embodi-
ments, the hydrophobic pendant aromatic group is planar.
Without intending to be bound by theory, it is believed that
the planar nature of the aromatic can facilitate the insertion
of the aromatic group into the hydrophobic portion of the
lipid bilayer. In some cases, the first monomeric unit
includes a styrene monomer unit.

[0023] The first monomeric unit can also include a hydro-
phobic pendant alkyl group. As used herein, “alkyl” refers to
straight chained and branched saturated hydrocarbon groups
containing one to thirty carbon atoms, for example, one to
twenty carbon atoms, or one to ten carbon atoms. The term
C,, means the alkyl group has “n” carbon atoms. For
example, C, alkyl refers to an alkyl group that has 4 carbon
atoms. C,-C, alkyl refers to an alkyl group having a number
of carbon atoms encompassing the entire range (i.e., 1 to 7
carbon atoms), as well as all subgroups (e.g., 1-6, 2-7, 1-5,
3-6, 1, 2, 3, 4, 5, 6, and 7 carbon atoms). Non-limiting
examples of alkyl groups include, methyl, ethyl, n-propyl,
isopropyl, n-butyl, sec-butyl (2-methylpropyl), t-butyl (1,1-
dimethylethyl), 3,3-dimethylpentyl, and 2-ethylhexyl.
Unless otherwise indicated, an alkyl group can be an unsub-
stituted alkyl group or a substituted alkyl group.

[0024] In embodiments, the hydrophobic pendant alkyl
groups comprise C,;-C, n-alkyl groups and/or C;-C,,
branched alkyl groups. Suitable hydrophobic pendant alkyl
groups include, but are not limited to, methyl, ethyl, n-pro-
pyl, i-propyl, n-butyl, i-butyl, s-butyl and t-butyl. The first
monomeric units including a hydrophobic alkyl group can
be derived from substituted or unsubstituted vinyl alkyl
monomers, including, but not limited to, propylene, a-bu-
tylene (1-butene), 1-pentene, 3-methyl-1-butene (isopen-
tene), 1-hexene, 4-methyl-1-pentene, 3-methyl-1-pentene,
2-methyl-1-pentene, 3,3-dimethyl-1-butene, and 2,3-dim-
ethyl-1-butene.

[0025] The second monomeric unit including a pendant
hydrophilic group and can optionally further include at least
one of a pendant carboxylic acid group and a carboxylate
group. Suitable second monomeric units can be derived
from vinyl monocarboxylic acids or their esters, dicarbox-
ylic monomers having a polymerizable double bond, their
esters or anhydrides, and alkali metal salts of any of the
foregoing. Examples of suitable monomer units include
vinyl acetic acid, maleic acid, monoalkyl maleate, dialkyl
maleate, maleic anhydride, fumaric acid, monoalkyl fumar-
ate dialkyl fumarate, itaconic acid, monoalkyl itaconate,
dialkyl itaconate, itaconic anhydride, citraconic acid, mono-
alkyl citraconate, dialkyl citraconate, citraconic anhydride,
mesaconic acid, monoalkyl mesaconate, dialkyl mesacon-
ate, glutaconic acid, monoalkyl glutaconate, dialkyl
glutaconate, glutaconic anhydride, alkyl acrylates, alkyl
alkacrylates, alkali metal salts of the foregoing, esters of the
foregoing, and combinations of the foregoing. In some
cases, the second monomeric unit includes a modified
maleic anhydride or modified maleic acid monomer unit. In
some cases, the second monomeric unit includes an
alkanolamine-modified acid or alkanolamine-modified
anhydride. In some cases, the second monomer unit includes
an alkylenediamine-modified acid or alkylenediamine-
modified anhydride. In some cases, the second monomer
unit includes an (aminoalkyl)trialkylammonium modified
acid or (aminoalkyl)trialkylammonium modified anhydride.
[0026] As used herein, and unless specified otherwise,
“alkanolamine-modified acid (or anhydride)” means an
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amide reaction product between an alkanolamine and a
carboxylic acid (or corresponding anhydride). As used
herein, and unless specified otherwise, “alkylenediamine-
modified acid(or anhydride)” means an amide reaction prod-
uct between an alkylenediamine and a carboxylic acid (or
corresponding anhydride). As used herein, and unless speci-
fied otherwise, “(aminoalkyl)trialkylammonium modified
acid (or anhydride)” means an amide reaction product
between and (aminoalkyl)trialkylammonium and a carbox-
ylic acid (or corresponding anhydride).

[0027] The pendant hydrophilic group can include any
hydrophilic group suitable to solubilize the lipid nanodisc in
an aqueous solution. For example, the pendant hydrophilic
group can include at least one of hydroxyl, amino, carbox-
ylic acid, carboxylate, phosphate, phosphonate, carboxylic
ether, carboxylic ester, phosphate ester, amide, phosphona-
mide, or salts of the foregoing. The pendant hydrophilic
group can be a fluorescent group or can further include a
fluorescent group. The monomer comprising the pendant
hydrophilic group can be neutral, positively charged, nega-
tively charged, or zwitterionic. In embodiments, the pendant
hydrophilic group can be neutral, positively charged or
negatively charged. Positively charged hydrophilic groups
can include, but are not limited to, ammonium cations (e.g.,
alkylammonium cations, such as mono-, di-, tri-, or tetra-
alkyl ammonium cations). Negatively charged hydrophilic
groups can include, but are not limited to, carboxylate or
phosphate. The pendant hydrophilic group can be a chelating
group or can further include a chelating group. The chelating
group can further include a metal ion bound thereto. A
pendant hydrophilic group including a fluorescent group or
chelating group having a metal ion bound thereto can
advantageously provide a spectroscopic tag to provide addi-
tional characterization of the lipid nanodiscs including the
copolymers of the disclosure. Suitable fluorescent tags can
include, but are not limited to, cyanine5 amine and Alexa
fluor 488. Suitable metal chelating tags include, but are not
limited to, ethylenediaminetetraacetic acid (EDTA) and lan-
thanide binding tags.

[0028] The hydrophilic group can be linked to the second
monomeric unit via an amide, ester, or glycosidic bond, for
example. The hydrophilic group can be linked to the second
monomeric unit by the reaction of a carboxylic group or
corresponding anhydride of the second monomer unit and a
nucleophilic group provided on the pendant hydrophilic
group, for example, an amino or hydroxyl group. In some
cases, the pendant hydrophilic group includes an amide
reaction product of a carboxylic group of the second mono-
mer unit and an amine compound including at least one of
an alkanolamine, an alkylenediamine, and an amino acid. In
some cases, the pendant hydrophilic group includes an
amide reaction product of maleic anhydride and an amine
compound including at least one of an alkanolamine, an
alkyldiamine, and an amino acid.

[0029] The hydrophilic pendant group can further include
an alkyl group, for example as a spacer or linker between the
hydrophilic group and the polymer backbone. The length of
the alkyl group is not particularly limiting. Thus, the hydro-
philic group can be separated from the copolymer backbone
by an alkyl group larger than a C,, alkyl group, a C,-C,,
alkyl group, or a C, 4 alkyl group, for example. In some
cases, the pendant hydrophilic group can include a C,-Cgq
alkyl group including a terminal hydrophilic group. In some
cases, the pendant hydrophilic group can include a C, ¢ alkyl
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group including a terminal hydrophilic group selected from
hydroxyl, amino, carboxylic acid, carboxylate, phosphate,
phosphonate, carboxylic ether, carboxylic ester, phosphate
ester, amide, phosphonamide, ammonium, or salts of the
foregoing.

[0030] In some cases, the hydrophilic group includes an
ethylhydroxy group. In some cases, the copolymer includes
an alkanolamine modified styrene/maleic anhydride copo-
lymer. In some cases, the copolymer includes an etha-
nolamine modified styrene/maleic anhydride copolymer.
[0031] In some cases, the hydrophilic group includes an
ethylenediamine group. In some cases, the copolymer
includes an alkylenediamine modified styrene/maleic anhy-
dride copolymer. In some cases, the copolymer includes an
ethylenediamine modified styrene/maleic anhydride copo-
lymer.

[0032] The pendant hydrophilic group can be provided in
any amount suitable to aid in solubilization of the lipid
nanodisc. For example, when the second monomeric unit
includes a monocarboxylic acid or ester, each carboxyl
group can be modified (i.e., a pendant hydrophilic group to
second monomer unit molar ratio of 1:1), or only some of the
carboxyl groups can be modified to include the pendant
hydrophilic group (e.g., 10 percent of the carboxyl groups
may be modified to provide a pendant hydrophilic group to
second monomer unit molar ratio of 1:10). Thus, the pendant
hydrophilic group to second monomer unit molar ratio can
be in a range of about 1:1 to about 1:10, for example, about
1:1 to about 1:4, or about 1:1 to about 1:3, or about 1:1 to
about 1:2, for example, about 1:1. Further, when the second
monomeric unit includes a dicarboxylic acid, ester, or anhy-
dride, each carboxyl group can be modified (i.e., a pendant
hydrophilic group to second monomer unit molar ratio of
2:1), or only some of the carboxyl groups can be modified
to include the pendant hydrophilic group (e.g., a pendant
hydrophilic to second monomer unit molar ratio of about
1:10). In some embodiments, one carboxyl group of each
monomeric unit including a dicarboxylic group can be
modified to include the pendant hydrophilic group (e.g., a
pendant hydrophilic group to second monomer unit molar
ratio of 1:1). Thus, the pendant hydrophilic group to second
monomer unit molar ratio can be in a range of about 2:1 to
about 1:10, for example, about 2:1 to about 1:4, or about 2:1
to about 1:3, or about 2:1 to about 1:2, or about 1:1. Methods
of modifying carboxyl groups to include pendant hydro-
philic groups are well known in the art. For example, when
the copolymer including a carboxyl group is an anhydride,
the anhydride can be treated with an alkanolamine in the
presence of N,N-dimethylmethanamine, followed by hydro-
lysis of any unreacted anhydride, if necessary, to provide a
pendant hydroxyl group bound to the copolymer through an
amide linkage.

[0033] The first monomeric unit to the second monomeric
unit can be present in the copolymer in a molar ratio ranging
from about 1:1 to about 3:1 for the first monomeric unit:the
second monomeric unit. For example, the molar ratio of the
first monomeric unit to the second monomeric unit can be in
a range of about 1:1 to about 3:1, about 1:1 to about 2:1,
about 1.1:1 to about 1.8:1, about 1.1:1 to about 1.5:1, for
example, about 1.1:1, about 1.2:1, about 1.3:1, about 1.4:1,
or about 1.5:1. In some cases, the copolymer includes a
styrene/modified maleic anhydride copolymer having a sty-
rene to maleic anhydride molar ratio of about 1.3:1. Without
intending to be bound by theory, it is believed that the ability
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of a polymer to form a lipid nanodisc depends on the ratio
of hydrophobic:hydrophilic monomer units, for a given
polymer molecular weight.

[0034] The copolymer can have a number-average
molecular weight in a range of about 1 kDa to about 6 kDa,
for example, about 1 kDa to about 5 kDa, about 1 kDa to
about 3 kDa, or about 1 kDa to about 2 kDa, for example,
about 1 kDa, about 1.2 kDa, about 1.3 kDa, about 1.4 kDa,
about 1.5 kDa, about 1.6 kDa, about 1.7 kDa, about 1.8 kDa,
about 1.9 kDa, or about 2 kDa. Without intending to be
bound by theory, it is believed that the use of a low
molecular weight polymer allows for the rearrangement of
the polymer hydrophobic units within the lipid bilayer,
resulting in flexibility of the resulting nanodisc amphiphilic
belt. In contrast, it is believed that high molecular weight
polymers have more restricted movement within and among
the lipid bilayer. Accordingly, it is believed that because of
the ability of the lower molecular weight polymers to
rearrange, the size of the lipid nanodiscs prepared using a
low molecular weight polymer can vary over a wide range
of sizes, depending on the ratio of lipid:polymer used to
prepare the nanodiscs.

[0035] When in solution (e.g., during preparation of the
nanodiscs), the copolymer can include monomer units that
are neutral, positively charged, negatively charged, or zwit-
terionic, depending on the pH of the solution.

Lipid Nanodiscs

[0036] The polymer-based lipid nanodiscs disclosed
herein further include a lipid. The lipid is not particularly
limited. The lipid can include a natural cell membrane
extract. Suitable lipids include, but are not limited to phos-
phatidylethanolamines, phosphatidylcholines, phosphatidyl-
glycerols, phosphatidylserines, cholesterols, sphingomyelin,
gangliosides, lipopolysaccharides, phophatidylinositols, and
derivatives of the foregoing. In some cases, the lipid com-
prises at least one of phosphatidylethanolamines, phospha-
tidylcholines, phosphatidylglycerols, phosphatidylserines,
cholesterols, sphingomyelin, gangliosides, lipopolysaccha-
rides, and phophatidylinositols. In some cases, the lipid is a
phospholipid. In some cases, the phospholipid includes a
phosphatidylcholine.

[0037] The lipid in the nanodisc forms a lipid bilayer
including two opposing hydrophilic faces, and a hydropho-
bic edge between the hydrophilic faces. The hydrophobic
edge is made up of the hydrophobic tails from both layers of
the lipid bilayer. The center of the hydrophobic edge is the
point at which the hydrophobic tail from one layer of the
bilayer meets the hydrophobic tail from the second layer of
the bilayer. The nanodisc further includes a copolymer of the
disclosure encircling the hydrophobic edge of the lipid
bilayer.

[0038] In some embodiments, the lipid includes a phos-
phatidylcholine, the copolymer includes a styrene/maleic
anhydride copolymer modified with an ethanolamine, the
styrene/maleic anhydride copolymer has a styrene to maleic
anhydride ratio in a range of about 1.1:1 to about 1.5:1 and
a molecular weight in a range of about 1 kDa to about 3 kDa.
[0039] The lipid nanodiscs of the disclosure can have a
diameter in a range of about 6 nm to about 100 nm, for
example, about 6 nm to about 100 nm, about 10 nm to about
90 nm, about 20 nm to about 90 nm, about 30 nm to about
80 nm, about 40 nm to about 80 nm, about 50 nm to about
70 nm, or about 55 nm to about 65 nm. In some cases, the
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nanodisc has a diameter less than or equal to 40 nm, for
example, in a range of about 6 nm to 40 nm, about 10 nm
to about 35 nm, about 20 nm to about 35 nm, or about 25 nm
to about 30 nm. In some cases, the nanodisc has a diameter
greater than 40 nm, for example, 41 nm to about 100 nm,
about 45 nm to about 90 nm, about 50 nm to about 80 nm,
about 50 nm to about 70 nm, or about 60 nm. Nanodiscs
having a diameter greater than 40 nm may be referred to as
“macrodiscs.” The size of the nanodisc can be controlled by
changing the lipid:copolymer weight ratio during prepara-
tion. In general, as the amount of copolymer increases
relative to the amount of lipid, the size of the resulting
nanodisc decreases. Similarly, as the amount of copolymer
decreases relative to the amount of lipid, the size of the
resulting nanodisc increases.

[0040] In some cases, the lipid nanodisc can be charac-
terized in that when a magnetic field is applied, the nanodisc
aligns with the magnetic field. Such a characteristic can be
advantageous, for example, when characterizing the nano-
disc (or a membrane protein provided therein) by NMR
spectroscopy.

[0041] The lipid nanodisc can further include a membrane
protein. The membrane protein can be any protein that
interacts with or is part of a biological membrane, and can
be permanently anchored or temporarily anchored to a lipid
bilayer. Suitable membrane proteins include, but are not
limited to U->N Cytb5, cytochomromes such as
cytochrome bS5, cytochrome P450, cytochrome P450 reduc-
tase, and cytochrome c, outer membrane proteins, and
G-protein-coupled receptors (GPCRs). When a membrane
protein is included in the lipid nanodisc, the membrane
protein spans across at least one half of the lipid bilayer,
from one hydrophilic face to the center of the hydrophobic
edge. In some cases, the membrane protein spans across the
entire lipid bilayer from the first hydrophilic face to the
second hydrophilic face at least once. In some cases, the
membrane protein spans across the entire lipid bilayer from
the first hydrophilic face to the second hydrophilic face more
than once.

Method of Preparing Lipid Nanodisc

[0042] Further provided herein are methods of making a
lipid nanodisc, the method including contacting a lipid and
a copolymer including a first monomeric unit including a
pendant aromatic group, and a second monomeric unit
including a pendant hydrophilic group, wherein the first
monomeric unit and the second monomeric unit are present
in the copolymer is a molar ratio ranging from 1:1 to 3:1 for
the first monomeric unit:the second monomeric unit, to form
a lipid nanodisc including a lipid bilayer having two oppos-
ing hydrophilic faces and a hydrophobic edge between the
hydrophilic faces and the copolymer encircling the hydro-
phobic edge of the lipid bilayer. In some cases, the copoly-
mer includes a styrene/modified maleic anhydride copoly-
mer having a styrene to maleic anhydride molar ratio of
about 1.1:1 to 1.5:1, the copolymer including a pendant
hydrophilic group. Advantageously the nanodiscs of the
disclosure are easy to prepare, inexpensive and stable for up
to about a month.

[0043] The lipid and copolymer can be any lipid and
copolymer described herein. The method of preparing the
lipid nanodisc includes contacting the lipid and the copoly-
mer. In some cases the lipid is provided as a multilamellar
vesicle. Without intending to be bound by theory, it is
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believed that when the lipid is provided as a multilamellar
vesicle, the polymer chains get inserted into the lipid bilayer
and break the multilamellar vesicle into nanodisc-shaped
lipoparticles. The lipid can include a natural cell membrane
extract.

[0044] The lipid can further include a membrane protein
such that the resulting lipid nanodisc includes a membrane
protein spanning across at least one half of the lipid bilayer
from one hydrophilic face to the center of the hydrophobic
edge. In some cases, the lipid includes a membrane protein
such that the resulting lipid nanodisc includes a membrane
protein spanning across the entire lipid bilayer from one
hydrophilic face to the center of the hydrophobic edge at
least once.

[0045] The contacting step can include admixing the lipid
and the copolymer in solution. An aqueous solution of
copolymer can be prepared prior to contacting the copoly-
mer with the lipid. A lipid dispersion can be prepared prior
to contacting the copolymer with the lipid. The contacting
step can includes admixing the polymer solution and the
lipid suspension. The solutions and suspensions of the
disclosure can be substantially free of a detergent. As used
herein, “substantially free” means that the solution and/or
suspension does not contain significant amounts of a pur-
posefully added detergent. Thus, incidental or background
quantity of detergents (e.g., less than about 100 ppb) may be
present in the solution and/or suspension and be within the
scope of the disclosure.

[0046] The contacting step can optionally further include
a buffer to regulate the pH of the solution. Without intending
to be bound by theory it is believed that in some embodi-
ments, the pH of the solution can affect the charge of the
copolymer, thus ultimately affecting solubility of the copo-
lymer and stability of the resulting nanodiscs. The contact-
ing step can be carried out at any suitable pH in which the
copolymer is soluble, for example, in a range of about 0 to
about 14, about 1 to about 12, about 2 to about 11, or about
2.5 to about 10, for example, about 2.5, about 3, about 3.5,
about 4, about 4.5, about 5, about 5.5, about 6, about 6.5,
about 7, about 7.5, about 8, about 8.5, about 9, about 9.5, or
about 10.

[0047] Insome embodiments, the copolymer can comprise
a monomer that is zwitterionic under some pH conditions
and positively or negatively charged under other pH condi-
tions. Without intending to be bound by theory, it is believed
that the presence of zwitterionic monomers in the copolymer
chain inhibits the formation of nanodiscs due to the forma-
tion of hypercoils in the polymer chain from intramolecular
charge-charge interactions. However, when the pH of the
solution is modified such that the zwitterionic molecule
becomes positively charged (i.e., acidic conditions) or when
the pH of the solution is modified such that the zwitterionic
monomer becomes negatively charged (i.e., basic condi-
tions), the chains do not coil and stable nanodiscs can form.
Thus, in some embodiments, the copolymer comprises a
zwitterionic monomer and the pH of the contacting step is in
a range of about 1 to about 5, about 1 to about 4, about 2 to
about 4, about 3 to about 4, or about 3.5, or about 7 to about
14, about 7 to about 13, about 8 to about 12, about 8 to about
11, about 8 to about 10, about 8 to about 9, or about 8.5.

[0048] In some embodiments, the copolymer comprises a
monomer that is positively charged under some pH condi-
tions and neutral under other pH conditions. In some
embodiments, the copolymer comprises a monomer that is
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negatively charged under some pH conditions and neutral
under other pH conditions. Without intending to be bound by
theory, it is believed that a positively or negatively charged
monomer can increase the hydrophilicity (and solubility) of
the hydrophilic portion of the copolymer relative to a neutral
hydrophilic portion (e.g., ammonium cation demonstrates
increased hydrophilicity and solubility relative to a neutral
ammonia group). Thus, in some embodiments, the copoly-
mer comprises a cationic monomer and the pH of the
contacting step is in a range of about 1 to about 6, about 1
to about 5, about 2 to about 4, about 3 to about 4, or about
3.5. In some embodiments, the copolymer comprises an
anionic monomer and the pH of the contacting step is in a
range of about 8 to about 14, about 8 to about 13, about 8
to about 12, about 8 to about 11, about 8 to about 10, about
8 to about 9, or about 8.5.

[0049] The weight ratio of the lipid and the copolymer of
the disclosure provided in the methods of the disclosure is
not particularly limiting. The lipid and the copolymer can be
provided in a ratio of about 3:1 to about 1:3 by weight, for
example, a weight ratio of about 4:1 to about 1:4, about 3:1
to about 1:3, about 2:1 to about 1:2, or about 1:1. In some
cases, the lipid and the copolymer are provided in a ratio in
a range of about 1:1 to about 1:3, by weight. In some cases,
the lipid and the copolymer are provided in a ratio in a range
of about 4:1 to about 1:1.5, or about 3:1 to about 1:1, by
weight. In general, as the weight of the copolymer is
increased relative to the weight of the lipid, the maximum
diameter of the resulting nanodiscs decrease. In some
embodiments, there is an asymptotic value for the relative
amount of the copolymer above which there is no further
substantial decrease in the size/diameter of the nanodisc. For
example, for the ethanolamine-modified styrene/maleic
anhydride copolymer illustrated in the examples below,
when the copolymer is provided in excess of 3 times the
weight of the lipid (e.g., a 1:4, 1:5, or 1:6 lipid:copolymer
weight ratio), the decrease in the maximum diameter of the
resulting nanodiscs is negligible relative to the nanodiscs
prepared from a 1:3 lipid:copolymer weight ratio.

[0050] The formation of the polymer-based lipid nano-
discs of the disclosure can be confirmed and characterized
using a number of well-known techniques such as static light
scattering (SLS), dynamic light scattering (DLS), size-ex-
clusion chromatography (SEC), Fourier-transform infrared
spectroscopy (FT-IR), solid-state nuclear magnetic reso-
nance (ssNMR) and transmission electron microscopy
(TEM). Advantageously, when the nanodiscs are less than or
equal to about 40 nm, the structure of the nanodiscs can be
determined based on solution NMR techniques and when the
nanodiscs are greater than about 40 nm, the nanodiscs can be
magnetically-aligned which is advantageous for solid-state
NMR studies.

Method of Characterizing Membrane Proteins

[0051] The disclosure further provides a method of char-
acterizing a membrane protein, the method including con-
tacting a lipid nanodisc of the disclosure with a membrane
protein to form a membrane protein-nanodisc including the
membrane protein spanning across the lipid bilayer from one
hydrophilic face to the center of the hydrophobic edge of the
lipid nanodisc and characterizing the lipid nanodisc includ-
ing the membrane protein. In some cases, the membrane
protein spans across the entire lipid bilayer from the first
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hydrophilic face to the second hydrophilic face more than
once. The membrane protein can be any membrane protein
disclosed herein.

[0052] In some cases, the contact includes admixing the
lipid nanodisc and membrane protein in solution. In some
cases, the solution is substantially free of detergent.

[0053]
structural characterization of the membrane protein or a
functional characterization of the membrane protein. Suit-
able membrane protein characterization methods include
solution and solid state nuclear magnetic resonance (NMR),
circular dichroism, electron paramagnetic resonance (EPR),
Fourier transform infrared spectroscopy (FTIR), resonance
Raman spectroscopy, ultraviolet-visible spectroscopy (UV/
vis), cryo-electron microscopy (cryo-EM), surface plasmon
Raman spectroscopy, sum frequency generation (SFG),
fluorescence, including single molecule fluorescence and
coherent anti-Stokes Raman (CARS), small angle x-ray
scattering (SAXS), scanning electron microscopy (SEM),
atomic force microscopy (AFM) and enzymatic assays
Membrane protein structure and dynamics can be charac-
terized using NMR techniques. For example, membrane
protein-nanodiscs having a diameter of about 40 nm or less
can be characterized using solution NMR and membrane
protein-nanodiscs having a diameter greater than about 40
nm can be characterized using solid state NMR. Advanta-
geously, the nanodiscs of the disclosure can include addi-
tional features for enhancing characterization by NMR, for
example, the nanodisc may be characterized in that when a
magnetic field is applied, the nanodisc aligns with the
magnetic field and the nanodisc optionally includes a chelat-
ing group having a metal ion bound thereto as part of the
pendant hydrophilic group which allows paramagnetic reso-
nance characterization.

[0054] Magnetically aligned nanodiscs provide a novel
membrane mimetic environment for the structural investi-
gation of several membrane proteins by measuring 'H->N
heteronuclear dipolar couplings. One of the most popular
approaches to measure heteronuclear dipolar couplings in
ssNMR is the 2D separation of heteronuclear dipolar inter-
actions according to chemical shifts. This class of experi-
ments is known as Separated Local Field (SLF) spectros-
copy. Polarization Inversion and Spin Exchange at Magic
Angle (PISEMA) is a well-known and useful NMR tech-
nique for structural studies of a variety of biological sys-
tems.

[0055] The polymer-based lipid nanodiscs of the disclo-
sure can be advantageous for one or more applications
including, reconstitution of membrane proteins, purification
of membrane proteins or peptides, drug deliver, and con-
trolling the aggregation of amyloid peptides or proteins.

[0056] The above described aspects and embodiments can
be better understood in light of the following examples,
which are merely intended to be illustrative and are not
meant to limit the scope in any way.

Characterization can include at least one of a
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EXAMPLES

Example 1: Preparation of Styrene/Maleic
Anhydride Copolymers Modified with
Ethanolamine (SMA-EA)

[0057] Modified styrene/maleic anhydride copolymers
were prepared according to the following reaction scheme:

oH
1. HZN/\/

NEt;, NMP,
70°C.,2h

B [ l 2. NaOH, H,0
70°C.,2h

HO

NH

[0058] In particular, a 100 mg/ml. solution of Poly(sty-
rene-co-maleic anhydride), cumene terminated (SMA), with
a 1.3:1 mole ratio of styrene:maleic anhydride and average
Mn=1600 g/mol was prepared in 50 ml by dissolving 1 g of
SMA in 10 mlL of anhydrous N-Methyl-2-Pyrrolidone
(NMP). To this solution, an excess of 10 ml of 2-Amin-
oethanol was added. A total of 700 pulL of Et;N was added to
the reaction, followed by incubation at 70° C. for 2 hours,
after which the polymer was precipitated by the addition of
0.1 M HCI. The resulting ethanolamine modified polymer
(SMA-EA) was washed with HCI several times and sepa-
rated by centrifugation, followed by several cycles of wash-
ing the pellet in 600 uM acetic acid and centrifugation, to
remove traces of NMP and 2-Aminoethanol. Finally, the
polymer was lyophilized and stored at room temperature
until use.

[0059] To hydrolyze any unreacted anhydride in the SMA-
EA copolymer, 10 mg/ml. suspensions of SMA-EA were
heated in 1 M NaOH at 70° C. for 2 hours. Then the polymer
was extracted by precipitation by the addition of 1 M HCI.
The resulting precipitate was washed several times with
water and lyophilized to give a white powder of SMA-EA in
a quantitative yield.

[0060] The resulting SMA-EA polymer was characterized
by FT-IR and ssNMR. The SMA-EA contained the pendant
alkylhydroxy group and carboxylic group resulting from the
ring-opening of the maleic anhydride. In the SMA-EA
spectrum, there was a characteristic broad band in the region
3000-3600 cm™! and centered around 3500 cm™' that cor-
responded to a combination of the stretching bands of
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—O—H in the carboxylic group and in the alcoholic group.
The same spectrum showed a band at 1668 cm™! shifted to
lower wavenumber compared to the starting SMA copoly-
mer, suggesting the formation of amides and complete
opening of anhydride ring of SMA.

[0061] The SMA-EA was further characterized by '°C
Cross-Polarization Magic Angle Spinning ssNMR spectros-
copy (**C CP-MAS ssNMR). The comparison between
SMA and SMA-EA spectra, showed peaks at 41, 60 and 128
ppm corresponding to aliphatic and aromatic carbons
respectively. A peak around 172 ppm was assigned to the
carbonyl carbon in maleic anhydride which was shifted 5.7
ppm lower field in SMA-EA, suggesting the formation of
amides in the SMA-EA compound.

[0062] Thus, Example 1 demonstrates the preparation of a
copolymer according to the disclosure.

Example 2: Preparation of Polymer-Based Lipid
Nanodiscs

[0063] A 20 mg/ml stock solution of the SMA-EA copo-
lymer of Example 1 was prepared. To the stock solution was
added 2 mL of a 10 mg/mL solution of 1,2-dimyristoyl-sn-
glycero-3-phosphocholine (DMPC) to provide a 1:1 weight
ratio of lipid to polymer in 10 mM HEPES buffer solution.
The formation of lipid nanodiscs was followed using static
light scattering (SLS) using a FLUORMAX 4 from
HORIBA SCIENTIFIC using a 1 ml cuvette (or equivalent).
The resulting transparent solution was also analyzed using
dynamic light scattering (DLS) which showed a plurality of
nanodiscs. The maximum size of the nanodisc achieved
using the copolymer of Example 1 at a 1:1 lipid:polymer
ratio was about 60 nm. DLS was performed using WYATT
TECHNOLOGY DYNAPRO NANOSTAR using a 1 micro-
liter quartz micro cuvette (or equivalent).

[0064] Additional nanodiscs were formed as described
above using lipid:polymer weight ratios of 1:2 and 1:3. The
maximum size of the nanodisc formed using the lipid:
polymer weight ratios of 1:2 and 1:3 were about 24 nm and
about 10 nm, respectively.

[0065] As shown in FIG. 2 panel A, the maximum size of
the nanodiscs varied based on the weight ratio of lipid:
polymer, as illustrated as the mass distribution as a function
of hydrodynamic radius. FIG. 2 panel B shows the TEM
micrograph of the nanodiscs obtained by mixing a 1:1 w/w
ratio DMPC:SMA-EA and FIG. 2 panel C shows the TEM
micrograph of the nanodiscs obtained by mixing a 1:3 w/w
ratio of DMPC:SMA-EA. Thus, Example 2 demonstrates
formation of nanodiscs according to the disclosure and the
size dependency on the lipid:polymer ratios.

Example 3: Mechanism of Nanodisc Formation

[0066] The mechanism of the formation of nanodiscs was
investigated. To study the mechanism of nanodisc forma-
tion, three separate samples were prepared using same stock
solutions and the same conditions. Sample preparation con-
sisted of mixing of 10 mg/ml DMPC solution with SMA-EA
in a 1:1 w/w lipid to polymer ratio. The first sample was
flash frozen with liquid nitrogen (LN) immediately, whilst
the other two samples were vortexed for 1 and 3 minutes
respectively. These were lyophilized overnight and the
resulting powder samples were analyzed using FT-IR and
ssNMR. The FT-IR spectrum of the lipid-polymer mixture,
frozen after 3 minutes, exhibited an increase in the 1592
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cm™! peak compared to the lipid-polymer mixture frozen at
time zero. This corresponds to the aromatic double bond
bending (C—C bending), and suggests an increased inter-
action between the aromatic styrene group of the copolymer
and the lipid chain of the lipid bilayer. The peak at 1240
cm™ is due to the lipid phosphate groups shifting to a higher
wavenumber and suggests the polymer insertion into bilayer
with the time. ‘D *'P MAS NMR spectra of the polymer
lipid mixture showed a chemical shifts between time point
0 minutes and time point 3 minutes, indicating that the
change in the chemical environment of phosphorous in the
mechanism of the interaction of the SMA-EA polymer with
the DMPC lipid head groups.

[0067] The nanodisc formation mechanism was also stud-
ied using ultrafast 'H/'H homonuclear correlation radio
frequency driven recoupling (RFDR) NMR (MAS@60 kHz)
technique. The 2D *H/*H RFDR spectrum suggested that the
polymer hydrophilic part interacts with the surface of the
bilayer, after that the hydrophilic portion was inserted into
the bilayer and a nanodisc formed. Formation of the nano-
disc was determined from the cross peaks between styrene
aromatic protons (7.1 ppm) with the DMPC hydrophobic
chain at 3-min, which are absent in the 0-min sample.
[0068] One dimensional *'P NMR spectra of polymer
nanodiscs and macrodiscs recorded at 35° C. showed the
magnetic alignment of the polymer macrodiscs (~50 nm in
diameter). At room temperature, macrodiscs (~50 nm in
diameter) showed a characteristic chemical shift anisotropy
(CSA) powder pattern indicating the sum of all orientations
of the phosphate group in DMPC lipids relative to the
external magnetic field. At 35° C., the >'P spectrum of the
macrodiscs showed one single peak at a chemical shift of
-17.91 ppm with narrow line width (~250 Hz), whereas the
nanodiscs showed a single peak at a chemical shift of -2.1
ppm. This frequency shift is a crucial evidence that the lipids
in macrodiscs align with their normal perpendicular to the
direction of the magnetic field since the aligned peak
appears as a single peak at the perpendicular edge of powder
pattern. The narrow line widths in the *'P NMR spectra
demonstrated that the lipids are arranged homogeneously
and that the macrodiscs are uniformly aligned in the mag-
netic field. 1D **N NMR experiments were also employed
to get the '*N quadrupolar splitting of these magnetically
aligned nanodiscs. The electric field gradient around the **N
nucleus was considerably reduced due to the near-tetrahe-
dral symmetry of the choline groups of DMPC molecules
and hence the quadrupole coupling was also reduced.
[0069] Thus, Example 3 demonstrates formation of nano-
discs of the disclosure by interaction between the aromatic
styrene group of the copolymer and the lipid chain of the
lipid bilayer resulting in insertion of the aromatic styrene
group into bilayer over time. The hydrophilic part of the
polymer then interacts with the surface of the bilayer to
insert the hydrophilic portion into the bilayer and form a
nanodisc.

Example 4: Characterization of Membrane Proteins

[0070] 20 mg of SMA-EA was added to 20 mg of DMPC
(10 mg/ml in 10 mM HEPES buffer), and incubated for 30
min. The resulting mixture was subjected to 3 freeze/heat
cycles between liquid nitrogen (~-196° C.) and 50° C.
Protein corresponding to 1 mmol U-'*N-labeled Cytb5 was
added to the macrodisc solution and incubated for 2 hrs,
followed by concentrating the total volume to 200 pl to
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provide a highly viscous cytochrome-b5 reconstituted mac-
rodiscs solution. The degree of sample alignment was mea-
sured using *'P NMR.

[0071] 2D 'H-'°N PISEMA experiments were employed
to understand the helicity pattern in the transmembrane
domain (TM) region of the U-15N-labeled Cytb5 protein.
This technique correlates *°N chemical shifts with ‘H-'>N
dipolar couplings and the 2D spectrum provides indices of
secondary structure and topology of membrane peptides
embedded in lipid bilayers.

[0072] The distinct geometry of the transmembrane o.-he-
lix of Cytb5 gave rise to a characteristic ‘wheel-like’ pattern
of resonances reflecting helical wheel projections of residues
from transmembrane helices. This helical wheel pattern has
been referred to as PISA (polarity index slant angle) wheel.
The center of the PISA wheel uniquely reflects the specific
tilt or slant angle (), of the helical axis with respect to the
bilayer normal. PISA wheel patterns can be obtained by
calculating **N chemical shift and the 'H-'°N dipolar cou-
pling values for different tilt angles of a helix. MATLAB
simulations were performed to determine the tilt angle of the
transmembrane helix in Cytb5. The helical wheel pattern
analysis revealed that the Cytb5 helix is tilted by 14.5+3°
away from the lipid bilayer normal. The heteronuclear
correlation of the amide groups with the attached protons in
the back bone of the soluble domain was determined using
2D 'H-'N TROSY-HSQC (Transverse Relaxation Opti-
mized SpectroscopY Heteronuclear Single Quantum Corre-
lation). The 2D spectrum showed well-dispersed contours
and the protein was well folded in structure. The 2D
spectrum was well-consistent with the data already reported
in the literature for the Cytb5.

Example 5: Preparation of Zwitterionic
Styrene/Maleic Anhydride Copolymers Modified
with Ethylenediamine (SMA-ED)

[0073] Zwitterionic, modified styrene/maleic anhydride

copolymers were prepared according to the following reac-
tion scheme:

- /\/NH_BOC

2
NE3, NMP, 70° C., 2 h

(1) SMA
~M,=1.6kDa
NH—DBoc

TFA
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-continued
NH,

SMA-ED

[0074] In particular, 3.125 mmol of styrene maleic anhy-
dride copolymer (SMA) was dissolved in 30 mL of anhy-
drous NMP. The solution was added to 10.1 g of N-Boc
(tert-Butoxycarbonyl)-ethylenediamine dissolved in 10 mL.
NMP, while stirring. 3.16 g of triethyl amine was added,
followed by incubation at 70° C. for 3 h while stirring. The
reaction was then cooled to room temperature and the
polymer was precipitated by the addition of ice cold 0.1 M
HCl and pelleted by centrifugations. The polymer was
washed with 0.1 M HCI several times by centrifugation to
remove excess amounts of NMP, N-Boc-ethylenediamine,
and triethyl amine. The polymer was lyophilized to provide
a white powder of N-Boc-SMA-ethylenediamine (N-Boc-
SMA-ED).

[0075] 2 g of N-Boc-SMA-ED was dissolved in 40 mL of
trifluoroacetic acid (TFA) and 2 mL of water and was stirred
for 3 h. The reaction solution was then precipitated in cold
ether and then washed by centrifugation and cold ether to
SMA -ethylenediamine (SMA-ED). Thus, Example 5 shows
the preparation of a copolymer according to the disclosure.

Example 6: Preparation of Styrene/Maleic
Anhydride Copolymers Modified with
Ethylenediamine (SMAd-A)

[0076] Ethylenediamine modified styrene maleic anhy-

dride copolymers were prepared according to the following
scheme:

/\/NH_BOC

2

NEt3, NMP, 70° C.

(1) SMA
~M,=1.6kDa
NH—Boc

_—
Ac,O, AcONa,
]n NEt; 80° C.,
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-continued
NH—2Boc

SMAd-A

[0077] In particular, 0.32 mmol of N-Boc SMA-ED as
prepared in Example 5 was added to 20 mL acetic anhydride.
330 mg of sodium acetate and 100 mg of triethylamine were
added and stirred to make a homogenous mixture. The
reaction mixture was then heated to 80° C. and stirred
overnight. The mixture was then precipitated in cold water
and washed via centrifugation with cold water and freeze-
dried to provide N-Boc-SMAdJ-A.

[0078] 470 mg of N-Boc-SMAdJ-A was dissolved in 40
ml TFA and 2 mL of water followed by stirring for 3 h. The
reaction solution was then precipitated in cold ether and then
washed by centrifugation with cold ether. The resulting
SMAGJd-A copolymer was then dried under vacuum. Thus,
Example 6 shows preparation of a copolymer according to
the disclosure.

Example 7: Preparation of Polymer-Based Lipid
Nanodiscs

[0079] Nanodiscs were formed by the addition of 100 pl.
DMPC (10 mg/mL) and 100 pl. of SMA-ED (according to
Example 5) or SMAd-A (according to Example 6) (10
mg/mL) in a 1.5 mL tube and diluted to 1 mL using water,
10 mM citric acid buffer pH 3.5, or 10 mM HEPES buffer
pH 8. The formation of lipid nanodiscs was followed using
static light scattering (SLS) using a FLUORMAX 4 from
HORIBA SCIENTIFIC using a 2 ml cuvette (or equivalent).
500 pl. of nanodiscs were dispensed into a 2 mL cuvette
under stirring. The solution was then diluted to 2 mL with
citric acid buffer or HEPES buffer, as required. pH titrations
were performed using 1 M HCl and NaOH. Metal ion
titrations were performed using 5 M MgCl,, 5 M NaCl, and
2.2 M CaCl,. The excitation and emission wavelengths were
all set at 400 and 404 nm, respectively. The slit was set to
2 nm.
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[0080] For the nanodiscs prepared in water, a significant
decrease in SLS intensity was demonstrated after the addi-
tion of polymer, suggesting that both SMA-ED (FIG. 3A)
and SMAdJ-A (FIG. 3B) can solubilize DMPC multilamellar
vesicle (MLVs). The DLS profiles of the nanodiscs demon-
strate the dependence of nanodisc size on the lipid:polymer
ratio (FIG. 3C,D) and the nanodiscs were confirmed by TEM
(FIG. 3E,F).

[0081] When the preparation of the nanodiscs was per-
formed at pH 7.4 in phosphate buffer, SMA-ED showed
nanodisc formation whereas SMAd-A did not form nano-
discs, suggesting a pH dependent nanodisc formation.
Experimental results obtained under different pH conditions
were used to analyze the stability of nanodisc formed by
both polymers. SMA-ED nanodiscs showed increased light
scattering, and visible precipitate formation between pH 5
and 7 (FIG. 4A). This scattering suggests that SMA-ED is
stable under all pH conditions except between 5 and 7. This
is because the polymer is zwitterionic and forms hypercoils
due to intramolecular charge-charge interactions, as con-
firmed by SLS and FT-IR. SLS profiles for pH titrations of
polymer alone are similar to that of the nanodiscs (FIG. 4C),
showing SMA-ED polymer aggregates and lowers in solu-
bility due to hypercoiling. FT-IR showed the presence of
carboxylate at pH 5, supporting the presence of the zwitte-
rionic form of the SMA-ED polymer in the 5-7 pH range
(FIGS. 4G and H). NMR experiments at pH 3.5 and 8.5
suggest the formation of nanodiscs that tumble rapidly on
the NMR time scale (FIG. 4E). In contrast, the pattern
observed at pH 6 suggests the inability of the polymer to
form nanodiscs.

[0082] The SLS intensity of SMAd-A nanodiscs was
stable for pH <6. A steep increase in intensity and the
formation of a visible precipitate was observed for pH >6.
These results suggest that SMAd-A polymer nanodiscs are
stable under acidic pH. A similar profile was observed for
the SMAd-A polymer alone (FIG. 4D). The NMR spectra
indicated the presence of a nanodisc under acidic pH, and no
nanodisc formation as the pH increased above 6 (FIG. 4F),
consistent with the observations of the SLS experiments.
The SMAd-A polymer is positively charged under acidic
conditions, soluble in water, and forms lipid nanodiscs. For
pH >6, the solubility of the polymer is decreased due to
deprotonation of the ammonium cation leading to polymer
precipitation.

[0083] The stabilities of SMA-ED and SMAdJ-A in the
presence of different divalent cations were examined using
SLS. Both the SMA-ED and SMAd-A based nanodiscs were
stable in the presence of a monovalent sale (NaCl), at
various concentrations (10-200 mM). Both SMA-ED and
SMAd-A nanodiscs were also found to be tolerant to Ca®*
and Mg?* for all the tested concentrations (10 to 200 mM of
MgCl, and CaCl,). However, at pH 8.5 soluble nanodiscs
(SMA-ED) had no tolerance to Ca®* or Mg>* due to the
presence of COO™ groups that can interact with the metal
ions.

Example 8: Preparation of Styrene/Maleic
Anhydride Copolymers Modified with
(2-Aminoethyl) Trimethylammonium (SMA-QA)

[0084] (2-aminoethyDtrimethylammonium modified sty-
rene maleic anhydride copolymers were prepared according
to the following scheme:
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NEt;, DMF,
70°C.,2h
Ac,O, AcONa
80°C.,12h

(1) SMA
~M,, = 1.6 kDa

SMA-QA

[0085] 1 gof SMA (about 1600 g/mol) was dissolved in 30
ml of anhydrous dimethylformamide (DMF) dried over
molecular sieves. 1.3 g of (2-aminoethyl)trimethylammo-
nium chloride hydrochloride was then added to the solution
and to this mixture 5 ml of trimethylamine was added
resulting in the solution turning dark yellow. The reaction
mixture was then stirred at 100° C. for 12 h. The solution
was cooled to room temperature and precipitated with
diethyl ether. The precipitate was washed 3 times with
diethyl ether and dried under vacuum. The dried interme-
diate was then added to 30 ml acetic anhydride. 660 mg of
sodium acetate and 200 mg of triethyl amine were then
added. The reaction mixture was heated at 100° C. overnight
and precipitated in ether. The precipitate was washed 3 times
with ether and dried under vacuum. The product was then
dissolved in water and passed through a SEPHADEX LH-20
column. The product was collect and lyophilized to provide
a brown powder. The resulting SMA-QA was characterized
by FT-IR and NMR experiments. Thus, Example 8 demon-
strates preparation of a copolymer of the disclosure.

Example 9: Preparation of Polymer-Based Lipid
Nanodiscs with Sma-Qa

[0086] Nanodiscs of differing sizes were prepared using
DMPC (10 mg/ml) in 20 mM sodium phosphate buffer
containing 50 mM NaCl at pH 7.4. 10 mg/ml of polymer
stock solutions were made in the same buffer solution. The
required amount of polymer solution to provide a lipid:
SMA-QA ratio of 1:0.25, 1:0.5, 1:1.0, or 1:1.5, was added to
the DMPC mixture and incubated for 4 h at 35° C. The
samples made using DMPC:SMA-QA weight ratios of 1:0.
25 and 1:0.5 were prepared using three freeze thaw cycles
alternating between liquid nitrogen temperature and 35° C.
After the freeze thaw cycles the samples were further
incubated at 35° C. for 4 h.
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[0087] FIG. 5 shows the SLS profiles of DMPC MLVs for
different lipid to polymer weight ratios. The large intense
scattering dramatically decreased upon the addition of
SMA-QA polymer, demonstrating the solubilization of large
DMPC MLVs into small size polymer-lipid nanodiscs. The
rate of solubilization of MLVs was accelerated by the
increase of the amount of SMA-QA. DLS profiles showed
the hydrodynamic radii of the nanodiscs were dependent on
the ratio of DMPC to SMA-QA. TEM images of the
nanodiscs confirmed the presence of disc shaped, monodis-
persed particles with remarkable highly circular shape (FIG.
6).

[0088] The *'P spectrum of DMPC:SMA-QA (1:0.25
w/w) shows a single narrow peak ~16 ppm demonstrating
the magnetic-alignment of polymer nanodiscs with the
bilayer normal perpendicular to the magnetic field direction.
Due to the large size (~30 nm diameter), the slow tumbling
of nanodiscs allows for the magnetic alignment in the
presence of an external magnetic field. On the other hand, a
narrow peak was observed at the isotropic chemical shift
frequency (~-2 ppm) for small nanodiscs (~10 nm diameter)
demonstrating their fast tumbling in the NMR time scale.
[0089] The *N NMR spectra of SMA-QA nanodiscs (~30
nm diameter) containing phosphatidyl choline head group
containing lipids (like DMPC or POPC) show a quadrupole
coupling spectrum indicating magnetic alignment of nano-
discs. The nanodiscs are unaligned when the lipids are in the
gel phase, but they start to align in the magnetic field when
the temperature is increased above the main phase transition
temperature of the lipids. A narrow line (isotropic) is
observed for an unaligned sample, while a doublet is
observed for an aligned lipid bilayer. The magnitude of the
observed quadrupolar coupling indicates the nanodiscs are
aligned in the magnetic field with the lipid bilayer normal to
the direction of the magnetic field, for example as illustrated
in FIG. 7. These results further confirm the magnetic align-
ment of large size nanodiscs indicated by *'P NMR spectra.
[0090] The stability of the SMA-QA nanodiscs against pH
and metal ion concentration was examined using SLS mea-
surements. The SLS profiles of the nanodiscs DMPC:SMA-
QA (1:1 w/w) showed no change in the scattering intensity
over a wide range of pH (from 2.5 to 10) and in the presence
of metal ion concentrations up to 200 mM.

[0091] Thus, Example 9 demonstrates polymer based lipid
nanodiscs of the disclosure advantageously demonstrating at
least one of pH stability, ion stability, and/or magnetic
alignment properties.

[0092] The foregoing description is given for clearness of
understanding only, and no unnecessary limitations should
be understood therefrom, as modifications within the scope
of the invention may be apparent to those having ordinary
skill in the art.

[0093] Throughout this specification and the claims which
follow, unless the context requires otherwise, the word
“comprise” and variations such as “comprises” and “com-
prising” will be understood to imply the inclusion of a stated
integer, component, or step or groups of integers, compo-
nents, or steps but not to the exclusion of any other integer,
component, or step or groups of integers, components, or
steps.

[0094] Throughout the specification where compositions
are described as including components or materials, it is
contemplated that the composition can also consist essen-
tially of, or consist of, any combination of the recited
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components or materials, unless described otherwise. Like-
wise, where methods are described as including particular
steps, it is contemplated that the methods can also consist
essentially of, or consist of, any combination of the recited
steps, unless described otherwise. The invention illustra-
tively disclosed herein suitably may be practiced in the
absence of any element or step which is not specifically
disclosed herein.

[0095] All patents, publications and references cited
herein are hereby fully incorporated by reference. In case of
conflict between the present disclosure and incorporated
patents, publications and references, the present disclosure
should control.

1. A lipid nanodisc, comprising:

a lipid bilayer comprising two opposing hydrophilic faces
and a hydrophobic edge between the hydrophilic faces;
and

a styrene/modified maleic anhydride copolymer encir-
cling the hydrophobic edge of the lipid bilayer, the
copolymer comprising a pendant hydrophilic group and
having a styrene to modified maleic anhydride molar
ratio of about 1.1:1 to 1.5:1.

2.-21. (canceled)

22. A method of making a lipid nanodisc, the method

comprising:

contacting:

a lipid and

a styrene/modified maleic anhydride copolymer com-
prising a pendant hydrophilic group and having a
styrene to modified maleic anhydride molar ratio of
about 1.1:1 to 1.5:1,
to form a lipid nanodisc comprising a lipid bilayer com-
prising two opposing hydrophilic faces and a hydro-
phobic edge between the hydrophilic faces and the
copolymer encircling the hydrophobic edge of the lipid
bilayer.
23.-52. (canceled)
53. A lipid nanodisc comprising:
a lipid bilayer comprising two opposing hydrophilic faces
and a hydrophobic edge between the hydrophilic faces;
and
a copolymer encircling the hydrophobic edge of the lipid
bilayer, the copolymer comprising
a first monomeric unit comprising a pendant aromatic
group, and

a second monomeric unit comprising a pendant hydro-
philic group,

wherein the first monomeric unit and the second mono-
meric unit are present in the copolymer in a molar
ratio ranging from 1:1 to 3:1 for the first monomeric
unit:the second monomeric unit.

54. (canceled)

55. The lipid nanodisc of claim 53, wherein the first
monomeric unit comprises a styrene monomer unit.

56. The lipid nanodisc of claim 53, wherein the second
monomeric unit comprises a modified maleic anhydride or
modified maleic acid monomer unit.

57. (canceled)

58. The lipid nanodisc of claim 53, wherein the pendant
hydrophilic group comprises at least one of hydroxyl,
amino, carboxylic acid, carboxylate, phosphate, phospho-
nate, carboxylic ether, carboxylic ester, phosphate ester,
amide, phosphonamide, or salts of the foregoing.

59. (canceled)
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60. The lipid nanodisc of claim 53, wherein the pendant
hydrophilic group comprises at least one of a fluorescent
group and a chelating group further comprising a metal ion
bound thereto.

61. (canceled)

62. The lipid nanodisc of claim 53, wherein the copolymer
has a number-average molecular weight ranging from 1 kDa
to 6 kDa.

63. (canceled)

64. The lipid nanodisc of claim 53, wherein the lipid
comprises at least one of phosphatidylethanolamines, phos-
phatidylcholines, phosphatidylglycerols, phosphatidylser-
ines, cholesterols, sphingomyelin, gangliosides, lipopoly-
saccharides, phosphatidylinositols, and derivatives of the
foregoing.

65. (canceled)

66. The lipid nanodisc of claim 53, wherein the nanodisc
has a diameter in a range of about 6 nm to about 100 nm.

67.-69. (canceled)

70. The lipid nanodisc of claim 53, further comprising a
membrane protein spanning across the lipid bilayer from the
first hydrophilic face to the second hydrophilic face.

71. The lipid nanodisc of claim 53, wherein the molar
ratio of the pendant hydrophilic group to the second mono-
mer unit in the copolymer is about 2:1 to 1:10.

72. A method of making a lipid nanodisc, the method
comprising:

contacting:

a lipid; and
a copolymer comprising
a first monomeric unit comprising a pendant aro-
matic group, and
a second monomeric unit comprising a pendant
hydrophilic group,
wherein the first monomeric unit and the second mono-
meric unit are present in the copolymer is a molar
ratio ranging from 1:1 to 3:1 for the first monomeric
unit:the second monomeric unit,

to form a lipid nanodisc comprising a lipid bilayer com-

prising two opposing hydrophilic faces and a hydro-
phobic edge between the hydrophilic faces and the
copolymer encircling the hydrophobic edge of the lipid
bilayer.

73. The method of claim 72, further comprising preparing
an aqueous solution of the copolymer prior to contacting the
copolymer with the lipid.

74. (canceled)

75. The method of claim 72, further comprising preparing
a lipid dispersion prior to contacting the copolymer with the
lipid.

76.-79. (canceled)

80. The method of claim 72, wherein the contacting
comprises admixing the lipid and the copolymer in solution.

81. (canceled)

82. The method of claim 72, wherein the lipid and the
copolymer are provided in a ratio of about 3:1 to about 1:3,
by weight.

83.-96. (canceled)

97. The method of claim 72, wherein the lipid comprises
at least one of phosphatidylethanolamines, phosphatidylcho-
lines, phosphatidylglycerols, phosphatidylserines, choles-
terols, sphingomyelin, gangliosides, lipopolysaccharides,
phosphatidylinositols, and derivatives of the foregoing.
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98. A method of characterizing a membrane protein, the
method comprising:
contacting the lipid nanodisc of claim 53 with a mem-
brane protein to form a membrane protein-nanodisc
comprising the membrane protein spanning across the
lipid bilayer from the first hydrophilic face to the
second hydrophilic face; and
characterizing the lipid nanodisc comprising the mem-
brane protein.
99.-101. (canceled)
102. The method of claim 98, wherein characterizing
comprises at least one of structural characterization and
functional characterization.

#* #* #* #* #*



